end-tidal air. Both methods have advantages and disadvantages. Blood gas analysis is discontinuous, and can only reflect the situation existing when an arterial sample is taken. The actual estimation in blood is delicate, especially in respect of the measurement of pH, where a small error is magnified in the method of calculating pCO2. End-tidal air samples are easily, and can be continuously, obtained, and may be analysed in various ways, some of which are quite simple.
It has been shown by Suskind and others (Suskind et al., 1950; Galdston et al., 1951; Saxton, 1953 ) that in the normal subject, that is the subject who is not paralysed, has normal lungs, and who breathes spontaneously, the PCO2 of end-tidal air bears a close relationship to that of arterial blood. Walley (1957) , however, has shown that in patients who have radio-AUGUST logically recognizable changes in their lungs, and who are receiving artificial ventilation-in whom it is particularly important to be able to assess the adequacy of ventilation-there may be a considerable difference between end-tidal and arterial pCO2. It has also been shown (Campbell et al., 1958) that in patients who are anesthetized, and in those receiving artificial ventilation, there is a smaller and more constant discrepancy which is ascribed to maldistribution of the ventilating gases in the lungs.
So one apparently has to choose between the error of blood gas analysis, which we believe to exist except in the hands of the practised expert, and the error in end-tidal analysis induced by pathological states which lead to uneven ventilation and to an arterio-end-tidal gradient.
Hackney et al. (1958) , describe a technique involving only gas analysis, which gives an indirect estimate of the arterial pCO2 with a standard deviation of +2-9 mm.Hg from that estimated directly from arterial blood; and this in patients with heart and lung disease.
The technique is directed to the equilibration of the pCO2 of a gas mixture in a rebreathing bag with that of mixed venous blood. A fixed arteriovenous pCO2 difference is subtracted to give the pCO2 of arterial blood. It has been found that this factor is constant for wide differences of cardiac output. Campbell (1959) has, even more recently, described a modification of the original method which is much simpler. If the promise of this work is borne out, it would seem to be possible to use end-tidal sampling as an indication of change in our patient, while using a rebreathing technique to obtain more absolute values for arterial pCO2. This would obtain even in the patients whom Walley describes, with lung complications and uneven ventilation.
We have used apparatus for end-tidal sampling and analysis in Oxford since 1954, as an aid to the assessment of ventilation, with due regard to its limitations in patients with abnormal lungs, and have found it useful. I feel, however, that rebreathing techniques may remove the reservations one has in respect of indirect methods, and we find this most encouraging. We were fortunate in 1954 to find that the University Department of Physiology had already developed simple apparatus for the continuous analysis of CO2 in air or oxygen. The analyser, originally described by Grove-White and Sander (1948) and modified by Cunningham et aL (1957), has a long response time, of about 60-90 seconds, but this has not proved disadvantageous when dealing, as we do, with fairly steady states. It has the advantages of being accurate, and almost free from drift. It requires only 60 ml./min. of gas and this in a minute volume of between six and ten litres does not materially influence ventilation.
Gases are supplied to the analyser by an endtidal sampler. Where patients breathe spontaneously we use a Rahn-Otis sampler (Rahn and Otis, 1949 ) with a Cunningham-Lloyd (Cunningham et al., 1956) valve. For artificially ventilated patients with a tracheotomy, we have designed a simple automatic "snatch" sampler which has been fully described elsewhere (Smith, Schuster and Spalding, 1959) .
We have been interested, since we treated our first patient, in the fact that in our hands, and in those of others, patients on intermittent positive pressure respiration tend to be overventilated, judged both by measurement of the volume of expired air and by end-tidal pCO2. We are not by any means alone in observing that these patients often demand more and more air even when they are apparently more than adequately ventilated.
When paretic patients are removed from their respirators and asked to breathe spontaneously, they may choose a lower or a higher pCO2 on spontaneous respiration (Smith, Schuster and Spalding, 1959) . According to Affeldt et al. (1955) the latter is the more usual.
In an attempt to find out a little more than this, we introduced CO2 into the air drawn into the respiration pumps which were ventilating some of our patients. The end-tidal CO2 was recorded.
A typical result is shown in Fig. 1 . We were able to raise the CO2 of end-tidal air from 23 mm.Hg to 40 mm.Hg without any complaint from the patient. At a pCO2 of 41mm.Hg she complained bitterly of acute shortness of breath from which she demanded immediate relief. This relief could be obtained by a reduction in endtidal CO2 of only 1 mm.Hg and was complete.
On another occasion, however, in the same patient (Fig. 2) , the tidal volume was reduced, but not below the level at which it was expected to be adequate. Here, the patient felt shortness of breath at a much lower pCO2. This sensation was not so acute as that experienced in the previous experiment and could be tolerated for some minutes while 100% oxygen was substituted for air in the pump to exclude an anoxic drive. This made no difference to the sensation of shortness of breath.
Finally, on another occasion the same patient ( Fig. 3 ) was given CO2 until she complained of shortness of breath-her ventilation was then increased and this enabled her to tolerate a higher pCO2 without discomfort. This work is reported in detail elsewhere (Smith, Opie and Spalding, 1959) . Fowler (1954) made volunteers hold their breath to breaking point. They then respired from a bag containing a gas mixture with a pCO2 roughly equal to their alveolar pCO2 at the breaking point, and they thus obtained relief and could hold their breath again.
Mithoefer et al. (1953) , in a particularly ingenious experiment, rebreathed from bags of varying sizes from 500 ml. to over 3,500 ml. in time to a metronome. These bags contained mixtures of CO2 and oxygen. The breaking point in this experiment was taken as the point at which the subject could no longer hold his respiratory frequency to that of the metronome. Mithoefer was able to show that the breaking point depended not only on the pCO2 and the P02 of the mixtures in the bags but also on the size of the bag or the tidal volume.
We have performed some simplified experiments along these lines which make rather more obvious the part of Mithoefer's work which we wish to emphasize. A subject respired 500 ml., 750 ml., 1,000 ml. and 2,000 ml. per breath of 100% oxygen at a frequency of 13/min., in time to a metronome. Increasing amounts of CO2 were added to the inspired oxygen until the subject was forced by the sensation of shortness of breath to breathe more often or more deeply. This was regarded as a breaking point for each tidal volume, and the pCO2 at the breaking point was recorded. 0 5 litres/breath 13 times/min. enabled the subject to tolerate a pCO2 of 55 mm.Hg and 2 litres/breath 13 times/min. or a total ventilation of only 26 litres/min. From these investigations we have learned to appreciate the existence of an element of respiratory control which is interrelated with the effect of changes of pCO2 and P02 and influenced by changes in ventilation-in our experiments achieved by alteration in tidal volume. Presumably these changes exert their effect through stretch receptors in the lungs or perhaps in the chest wall.
We have seen that our patients, when overventilated, are indifferent to an impressive rise in PCO2 induced by CO2 in inspired air. They do feel short of breath, however, with a comparatively small rise in pCO2-at very low levels of pCO2-if the tidal volume is reduced. From a practical point of view, it is clear that patients whose pCO2 is lower than normal may nevertheless feel short of breath. We feel also, that the preparation of patients for weaning from a respirator must take into consideration not only the chemical control of ventilation, but also the influence of ventilation per se. When treating paralysed patients in the Respiration Unit at Oxford, Dr. Crampton Smith and I have often been appalled that we know so little either about the physiological changes caused by artificial respiration or about the factors that influence the patient's appreciation of its efficacy. In the last five years we have tried to make some measurements bearing on these matters, and we have found them helpful when considering clinical problems. Many people have helped us, and indeed we have helped each other, for anasthetists and physicians-in this case neurologists-have worked very closely together and the benefits of this system have been obvious. I would like especially to thank Dr. W. Ritchie Russell for his encouragement, Dr. H. G. Epstein for technical advice and Dr. L. H. Opie for making many of the records.
My part is to summarize our recent findings in connexion with the physical properties of the chest, and first I must deal briefly with the measurements we make. Our records are made with a 4-channel capacitance manometer, and we record tidal volume, tracheal airflow, tracheal pressure and cesophageal pressure.
Our patients (Fig. 1) have a cuffed rubber tracheotomy tube (Spalding and Smith, 1956) with a grid-type flowmeter close to it in the tube leading to the respirator. Tidal volume is obtained by electrical integration of the airflow signal. The "tracheal" pressure is measured at the external end of the tracheotomy tube. The aesophageal pressure is measured through a polythene tube either with an air-filled system using a balloon 16 cm. long or with a water-filled system. The aesophageal pressure gives two types of information. In the first place it reflects the intrapleural pressure, so that we know from it the pressure applied to the lungs and to the chest wall respectively. The pressure exerted on the lungs is the difference between the intrapleural pressure and the tracheal pressure. Similarly the pressure exerted on the chest wall is the difference between the intrapleural pressure and the pressure applied to the surface of the body, normally atmospheric pressure. In the second place the cesophageal pressure is a measure of the mediastinal pressure and in particular of the pressure applied to the right atrium, so that the cesophageal pressure gives an index of obstruction to right heart filling during artificial respiration.
Results
The elastic resistance of the chest is the resistance that has to be overcome to keep the chest inflated to a given extent. It is measured when there is no air-flow in or out of the lungs. It can be expressed either as the compliance, that is the volume that is held in the lungs by each cm. water pressure, or more directly as the pressure required to hold a given volume-conventionally 1 litre-in the lungs. The elastic resistance which we have found in normal, paretic and paralysed subjects is shown in Fig. 2 . All subjects were supine, and the resistance in this position is somewhat greater than in the erect position. In the normal supine subject the elastic resistance of the lungs is about 7 cm. water per litre and our findings are in fair agreement with those of Attinger et al. (1956) and Howell and Peckett (1957) about this. The chest wall is moving actively so that it provides no resistance. In the paralysed patient receiving positive pressure respiration, however, the elastic resistance of the lungs is much higher, about 19 cm. water per litre, and in addition the chest wall is paralysed and offers additional resistance of about 9 cm. water per litre. The marked difference in the elastic resistance of the lungs in paralysed and in normal subjects is of particular interest, and more information about it can be obtained by considering paretic subjects. In paretic subjects the elastic resistance is greater when the patient is receiving intermittent positive pressure respiration than when he is breathing spontaneously, both observations being made within a few minutes of one another. A similar phenomenon was found by Howell and Peckett (1957) who examined surgical patients and found the elastic resistance of the lungs greater when the patients were anmsthetized and paralysed than when they were breathing spontaneously. It is clear therefore that this difference is not due to a permanent anatomical change in the patient's lungs, and it is likely that it is due to an abnormal distribution of inflation of the lungs with artificial respiration. There is independent evidence of this in the existence of an abnormally high gradient of CO2 pressure between the alveolar gas and the arterial blood in intermittent positive pressure respiration, but I am uncertain whether this abnormal inflation will by itself explain so large a discrepancy between the elastic resistance of normal and paralysed subjects. The non-elastic resistance of the chest is that part of the resistance to inflation which is directly concerned with the rate of airflow in and out of the lungs. It is expressed in cm. water/litre/ second, that is the number of cm. water pressure required to produce a flow of 1 litre/second. It is principally due to the resistance of the airways to the passage of air, though to a smaller extent, perhaps 20%, it is also the result of viscous resistance to changing the shape of the tissues. In paralysed tracheotomized patients the tracheotomy eliminates the resistance due to the upper airway-larynx, pharynx, nose and mouth-and introduces in its place resistance due to the tracheotomy tube, and we have been anxious to find out how this change balances out. The non-elastic resistance of the paralysed tracheotomized subject is similar to that of normal subjects but its constitutent parts are very different (Opie et al., 1959) . The tracheotomy tube must, however, be large, preferably about 0-95 cm. bore (Magill, size 10), for the non-elastic resistance increases very steeply with smaller tubes, approximately varying inversely as the fourth power of the radius of the tube. The chest wall provides a small amount of viscous resistance. The lungs in paralysed patients, however, provide non-elastic resistance only about half that of normal supine subjects and this is surprising in view of the difficulty in keeping the airway of paralysed patients clear of secretions. The lower non-elastic resistance must be due to dilatation of the smaller bronchi either because they are distended by the raised pressure within them or because as the lungs are distended the bronchi themselves distend with them. It is possible both mechanisms are at work. It is established that unless the chest is open, artificial respiration affects the circulation by impeding venous return to the right heart (Brecher, 1956) . In intermittent positive pressure respiration, as gas is forced into the chest the intrathoracic pressure rises and therefore the pressure in mediastinum and right atrium may be higher than that in the peripheral veins which are themselves thin-walled structures exposed to atmospheric pressure (Fig. 3A) . It is not always realized, however, that as far as the circulation is concerned the pressure relationships are exactly the same in artificial respiration in a tank respirator as in intermittent positive pressure respiration. During inspiration the pressure in the tank falls, the pressure in the trachea is nearly atmos-pheric, considerably higher than the intra-tank pressure, and the mediastinal pressure is inltermediate ( Fig. 3B ). It is clear therefore that in both types of artificial respiration the pressure during inspiration that is applied to the right atrium is higher than that to the peripheral veins, so that the venous return to the heart is impeded during inspiration.
Section of Anesthetics
Patients with diseases which necessitate artificial respiration are liable to circulatory disturbance, and it is of practical importance to know how this can be minimized. There are theoretical reasons for supposing that a high respiratory frequency with a low tidal volume is better for the circulation than a low respiratory frequency with a high tidal volume. We were anxious, however, to demonstrate whether this was so and to assess its importance. Fig. 4 shows the expired minute volume in relation to the mean cesophageal pressure, the latter being used as an index of the obstruction to venous return. In a normal subject breathing spontaneously at a frequency of 16/minute and at a total ventilation of 8 litres/minute the mean aesophageal pressure is -2-5 cm. water. In patients on intermittent positive pressure respiration, at respiratory frequencies of 13, 16, 20 and 25 per minute the mean esophageal pressure and therefore the obstruction to the venous return is less at higher than at lower frequencies. The difference, however, is relatively slight. At a total ventilation of 8 litres/minute the difference in mean cesophageal pressure between a normal subject and a patient on intermittent positive pressure respiration at a frequency of 13/minute is 3 25 cm. water. If the respiratory frequency is almost doubled to 25/minute the mean cesophageal pressure is only reduced by 0-5 cm. water. This is a relatively smatll effect. A much more effective way of reducing the mean cesophageal pressure is by applying negative pressure in the expiratory phase. Fig. 5 shows records of tracheal pressure and cesophageal pressure in a paralysed patient receiving intermittent pressure respiration with no negative pressure (Fig. SA) , with a brief period of negative pressure (Fig. 5B and c) , and with negative pressure of about 8 cm. water throughout the interval between inspirations (Fig. SD) . The brief period of negative pressure quickens expiration, and the prolonged period of negative pressure strikingly reduces the cesophageal pressure so that the mean cesophageal pressure is close to that of a normally breathing person. If, however, the patient's bronchi are seriously weakened by chronic pulmonary disease, the negative pressure may cause the bronchi to collapse, trapping the air in the alveoli, so that the cesophageal pressure does not fall satisfactorily.
In conclusion I wish to stress that the kind of measurements here described not only have an intrinsic interest but are also of practical value in making it possible to understand what is happening to the patient, to assess the relative severity of the stresses to which he is subjected, and therefore the priorities in treatment.
DISCUSSION

Dr. Paul Forgacs (Dartford): When air is
injected under the skin of the forearm, carbon dioxide diffuses into the surgical emphysema so created and reaches equilibrium with the partial pressure of this gas in the surrounding tissues within 80 minutes. Because of this relatively slow exchange, such a gas depot is less liable to short-term gains or losses of CO2 than blood or alveolar gas. This technique is therefore applicable when the average level of the body's free carbon dioxide stores is to be measured.
In artificially ventilated patients a subcutaneous gas reservoir can be maintained for several days and sampled as often as necessary. The volume of ventilation is adjusted according to the concentration of CO2 in the samples. Figures showing the correlation between subcutaneous CO2 and the volume of ventilation were presented. Dr. A. B. Kinnier Wilson (Hendon) said that at the Institute of Orthopoedics Poliomyelitis Centre they had had the same trouble with overventilation in chronic patients and had got over it by lengthening the tube between the valve (or bifurcation of the tubes) and the patient, thus restoring the upper 'half of the dead space (say 80 ml.). In one case, they had even increased this to a volume of 120 ml.; no ill-effects had been observed.
Dr. E. J. M. Campbell (London) warned against nterpreting changes in elastic resistance in terms of changes of the physical properties of the lung tissue. He disagreed with Dr. Spalding if he said that "elastic resistance is nothing to do with airflow". Elastic resistance and its reciprocal, compliance, depended upon distribution (Otis et al., 1956) .
He emphasized that changes in distribution both of ventilation and circulation were insufficiently considered during artificial ventilation and might account for many of the changes Dr. Spalding described. Thus they could cause the increase in elastic resistance. If so, then the elastic resistance would increase with increasing rates of breathing. Had this been observed?
He confirmed that in further studies Dr. J. B. L. Howell and he had found the rebreathing method for measuring pCO2 very accurate, easy and clinically valuable (Campbell and Howell, 1959) .
